Abstract. There has been significant stratospheric ozone depletion since the late 1970s due to ozone-depleting substances (ODSs). With the implementation of the Montreal Protocol and its amendments and adjustments, stratospheric ozone is expected to recover towards its pre-1980 level in the coming decades. In this study, we examine the implications of stratospheric ozone recovery for the tropospheric chemistry and ozone air quality with a global chemical transport model (GEOS-Chem). With a full recovery of the stratospheric ozone, the projected increases in ozone column range from 1 % over the low latitudes to more than 10 % over the polar regions. The sensitivity factor of troposphere ozone photolysis rate, defined as the percentage changes in surface ozone photolysis rate for 1 % increase in stratospheric ozone column, shows significant seasonal variation but is always negative with absolute value larger than one. The expected stratospheric ozone recovery is found to affect the tropospheric ozone destruction rates much more than the ozone production rates. Significant decreases in surface ozone photolysis rates due to stratospheric ozone recovery are simulated. The global average tropospheric OH decreases by 1.7 %, and the global average lifetime of tropospheric ozone increases by 1.5 %. The perturbations to tropospheric ozone and surface ozone show large seasonal and spatial variations. General increases in surface ozone are calculated for each season, with increases by up to 0.8 ppbv in the remote areas. Increases in ozone lifetime by up to 13 % are found in the troposphere. The increased lifetimes of tropospheric ozone in response to stratospheric ozone recovery enhance the intercontinental transport of ozone and global pollution, in particular for the summertime. The global background ozone attributable to Asian emissions is calculated to increase by up to 15 % or 0.3 ppbv in the Northern Hemisphere in response to the projected stratospheric ozone recovery.
Introduction
Significant decreases in stratospheric ozone driven by ozonedepleting substances (ODSs), in particular over the high latitudes, have been observed since the late 1970s (Farman et al., 1985) . The decreases in stratospheric ozone have allowed increasing solar ultraviolet (UV) radiation, especially the UV-B (280-315 nm) radiation, to reach into the troposphere and the earth's surface. Previous studies (McKenzie et al., 1991; Bais et al., 1993; Kerr and McElroy, 1993) have shown the general increases in ground-level solar UV-B radiation associated with the reduction of stratospheric ozone at various sites around the world.
Stratospheric ozone is expected to recover towards its pre-1980 level (generally defined as the ozone recovery level) due to the reduction in ODSs as a result of the implementation of the Montreal Protocol as well as its amendments and adjustments. The recovery of stratospheric ozone could affect tropospheric ozone through two channels: (a) changes in the stratosphere-troposphere exchange (STE) of ozone and (b) changes in the UV radiation penetrating to the troposphere and consequently the photochemistry of tropospheric ozone and other species. Zeng et al. (2010) have studied the former effect, but the latter effect has not been investigated yet.
By changing the ozone column overhead, the expected stratospheric ozone recovery would directly affect the actinic flux and photolysis rates for tropospheric ozone. The photolysis of ozone followed by its reaction with water vapor is an important pathway for ozone destruction in the troposphere:
The above reactions also provide the dominant source for hydroxyl radical (OH) in the troposphere, which controls the oxidizing capacity of the troposphere and thus the lifetimes of many atmospheric species (Thompson, 1992) . On the other hand, the changes in UV radiation can also affect the photochemical production of ozone through the photolysis of NO 2 :
Liu and Trainer (1988) used a box model to study the response of tropospheric ozone and OH to an increase in UV radiation due to total zone reduction with fixed NO x concentration. It was found that tropospheric ozone changed in the same direction as column ozone, while in polluted regions an inverse relationship was seen. In addition, the change in tropospheric OH was independent of the NO x level. Thompson et al. (1989) also found that tropospheric ozone would increase with stratospheric ozone depletion at high NO x levels and decrease at low NO x levels by applying a onedimensional model. Fuglestvedt et al. (1994) found that the decline of stratospheric ozone would result in an increase in tropospheric OH and a general reduction in tropospheric O 3 using a model simulating stratospheric ozone. Schnell et al. (1991) showed that a 17 % decrease in measured surface ozone concentrations at the South Pole in the austral summer was mostly caused by the increases in surface radiation resulting from the stratospheric ozone hole where the NO x level is low. The changes in tropospheric chemistry associated with the stratospheric ozone recovery also imply perturbations to surface ozone air quality and the intercontinental transport of ozone pollution. But previous studies investigating the evolution of ozone air quality in the coming decades (e.g., Johnson et al., 1999; Hauglustaine et al., 2005; Dentener et al., 2005; Wu et al., 2008a, b; Hegglin and Shepherd, 2009; Lang et al., 2012; Wang et al., 2013) have not accounted for the effect from stratospheric ozone recovery.
Methodology and model description
We investigate the responses of tropospheric chemistry and surface ozone air quality to stratospheric ozone recovery by carrying out a suite of sensitivity studies using a global 3-D chemical transport model, GEOS-Chem, which is driven by meteorological data from the Goddard Earth Observing System (GEOS) of the NASA Global Modeling and Assimilation office. Here we use GEOS-Chem version v8-03-01 driven by GEOS-5 meteorology with temporal resolution of 6 h (3 h for surface meteorological variables).
In this study, the simulations are run at a resolution of 4 • latitude by 5 • longitude with 47 vertical layers. GEOS-Chem has fully coupled O 3 -NO x -VOC-aerosol chemistry and has been extensively evaluated and applied to a wide range of research topics related to atmospheric chemistry and air quality (e.g., Wang et al., 1998; Bey et al., 2001; Martin et al., 2002; Park et al., 2004; Evans and Jacob, 2005; Duncan et al., 2007; Wu et al., 2008a Wu et al., , b, 2012 Hudman et al., 2009; Hickman et al., 2010; Johnson et al., 2010; Huang et al., 2013; Kumar et al., 2013) . The Linoz stratospheric ozone chemistry scheme (McLinden et al., 2000) is used. Photolysis rates in the troposphere are calculated using the Fast-J mechanism, which takes into account the effects of clouds and aerosols on photolysis rates . Seven wavelength bins with different widths cover the wavelength range from 291 nm to 850 nm.
To derive the sensitivity of tropospheric photochemistry to stratospheric ozone recovery, two groups of simulations are performed: one as the control run and the other as the sensitivity run where the stratospheric ozone is assumed to be fully recovered to its pre-1980 levels. For both simulations, a whole year spin-up for the tropospheric chemistry and composition using 2005 meteorology is done, followed by a 3-year simulation using meteorology for 2006 to 2008. Unless noted otherwise, all model results discussed in this study refer to the 3-year averages. We follow Fioletov et al. (2002) and Chipperfield and Randel (2003) for the stratospheric ozone depletion in the past decades, which varies significantly with season and latitude. The expected increases in stratospheric ozone column associated with the ozone recovery in the coming decades are shown in Table 1 . To isolate the potential impact of stratospheric ozone recovery on tropospheric chemistry through changes in UV radiation and therefore photolysis rates from other effects such as the changes in STE associated with transport (Zeng et al., 2010) , we only apply the perturbations to the stratospheric ozone column in calculating the actinic flux and photolysis rates of various species in the troposphere. The STE of ozone remains unchanged from the control run to the sensitivity run. 
Results
To quantify the responses of photolysis rates, tropospheric chemistry, and surface ozone to stratospheric ozone recovery, a sensitivity analysis is performed by using the sensitivity factor as defined by Fuglestvedt et al. (1994) :
where X is the variable of interest (e.g., photolysis rates, concentrations or global burden of any tropospheric species) and O 3 is the total column ozone. X and O 3 represent the differences between results from the sensitivity run and the control run. Therefore, the value of S x indicates the percentage change in X resulting from a 1 % increase in total ozone column.
Impacts on photolysis rates in troposphere
The photolysis of O 3 and NO 2 are critical for the chemical destruction and production of tropospheric ozone respectively; therefore, we focus our analysis on the photolysis rates of these two species: J (O 3 ) and J (NO 2 ). The largest percentage change of J (O 3 ) of up to 22 % is found in the springtime (September-November) over the southern polar region associated with the strongest stratospheric ozone recovery expected. Hegglin and Shepherd (2009) also found that ozone recovery could lead to the largest decrease in ultraviolet index in southern high latitudes during October, November, and December.
All of the sensitivity factors in Table 2 show negative values, indicating that the stratospheric ozone recovery would lead to less solar radiation in the troposphere, as expected. Voulgarakis et al. (2013) also demonstrated a similar relationship between the increase in overheard ozone and decrease in photolysis rate of Reaction (R2) from a multimodel study to examine how OH and methane lifetime would evolve from the present to the future. The calculated S x for J (O 3 ) is about 20-80 times greater than S x for J (NO 2 ), reflecting the different absorption spectrums for O 3 and NO 2 . This implies that the stratospheric ozone recovery would have much stronger effects on the photochemical ozone destruction than the ozone production in the troposphere. The absolute values for J (O 3 ) are always larger than 1, implying that the percentage change of J (O 3 ) would be always larger than the percentage change for stratospheric ozone. Figure 1a and b show the model-simulated zonal mean average J (O 3 ) in winter and summer seasons, respectively. The largest perturbations (up to 10 %) in J (O 3 ) are found over high latitudes during the summer season, reflecting the strong ozone recovery expected over those regions.
Impacts on tropospheric ozone and OH
The changes in global budgets of tropospheric ozone and OH in response to stratospheric ozone recovery are summarized in Table 3 . Due to the reduced photolysis rates in the troposphere associated with the stratosphere ozone recovery, the global chemical destruction rate of tropospheric ozone is calculated to decrease by 1 %, and the global average tropospheric OH is found to decrease by 1.7 %. The global tropospheric ozone burden is calculated to increase by 0.5 %. Our results are comparable to Spivakovsky et al. (2000) , who reported that a 25 % increase in the O 3 column would lead to a 17 % reduction in tropospheric OH.
The fact that the decrease in ozone destruction rate is greater than the ozone production rate (as shown in Table 3) indicates that stratospheric ozone recovery would 3 days for control run and sensitivity run, respectively, reflecting a 1.5 % increase. Changes in ozone lifetime in the troposphere show strong seasonal and spatial variations with the largest increase of up to 13 % found in the southern high latitudes in the springtime (September to November), associated with the strongest stratospheric ozone recovery expected. Figure 2a and b show the zonal mean concentrations for tropospheric ozone as well as the impacts due to stratospheric ozone recovery for winter and summer seasons. As we can see from the figures, the effects of stratospheric ozone recovery exhibit significant seasonal and spatial variations. O 3 concentration in the lower troposphere will be most affected, in particular for the summertime. The largest increases of up to 4 % are found in the lower troposphere over southern midlatitudes in December-February. This is in contrast to the effects associated with changes in STE (Collins et al., 2003) , which were more pronounced for the upper troposphere during winter seasons.
Impacts on surface ozone and intercontinental transport of ozone
General increases in surface ozone due to stratospheric ozone recovery are calculated for all seasons. As we can see from Fig. 3a and b, which shows the changes in surface ozone for December-February and June-August respectively, the largest increases (up to 0.8 ppbv or 5 %) are always found over remote oceans (such as the North Atlantic and Mediterranean regions), which are typical ozone sink regions featured by ozone destruction rates higher than production rates. This reflects the fact that stratospheric ozone recovery would decrease the photochemical ozone destruction rates much more than the ozone production rates in the troposphere. The largest percentage change of surface ozone is found in the summertime, while the smallest change is found in the wintertime, reflecting the strongest photochemical activities during summertime.
To further investigate the impacts of stratospheric ozone recovery on the intercontinental transport of ozone pollution in the troposphere, we carried out additional sensitivity model simulations to examine the continental outflow of ozone from Asia as a case study. Following Wu et al. (2009) , we turned off both natural and anthropogenic emissions of ozone precursors from Asia (the region of 63-150 • E and (1) control run, (2) control run without ozone precursor emissions from Asia, (3) sensitivity run with stratospheric ozone recovery perturbations, and (4) sensitivity run with stratospheric ozone recovery perturbations and without ozone precursor emissions from Asia. Groups 1 and 3 are the control run and sensitivity run, respectively, described in Sect. 2. Group 2 and group 4 have the same setup as group 1 and group 3 except for the turning off of Asian ozone precursor emissions.
Results from these four groups of simulations are compared with each other to derive the impacts of stratospheric ozone recovery on intercontinental transport of ozone (Fig. 4a) . The difference between simulation 1 and 2 results represent the tropospheric ozone attributable to Asian ozone precursors emissions (top left panel in Fig. 4a ) while the difference between simulation 3 and 4 results represent the tropospheric ozone attributable to Asian ozone precursor emissions under stratospheric ozone recovery scenario (top right panel in Fig. 4a ). The impacts of stratospheric ozone recovery on intercontinental transport of ozone from Asia are derived by further comparing these two groups of "difference" results (bottom panels in Fig. 4a ).
As can be seen from Fig. 4a , the stratospheric ozone recovery could enhance the global background ozone attributable to Asian emissions by up to 15 % in the Northern Hemi- sphere. The impacts of stratospheric ozone recovery on continental outflow of ozone pollution from Asia show a strong seasonal variation: they are weakest in the wintertime but peak in the summer when there is abundant UV radiation available, indicating that the seasonality is dominated by the photochemistry rather than atmospheric transport. In comparison, Doherty et al. (2013) found that climate change affects the intercontinental transport of ozone mainly through changes in ozone chemistry but not atmospheric transport. Figure 4b shows the surface ozone over North America (NA: defined as of 60 • W-125 • E and 15-55 • N) attributable to Asian emissions as well as the impacts associated with stratospheric ozone recovery in the summertime. Increases in surface ozone by up to 0.25 ppbv are calculated throughout the United States with the maximum increase found over the northwest. Observational data have demonstrated that background ozone in the United States has been increasing over the past decades (Jaffe et al., 2003; Jaffe and Ray, 2007) . Wu et al. (2008b) showed that climate change would decrease the summertime policy-relevant background (PRB) ozone over the US by up to 2 ppbv except for over the Great Plains. The increase in intercontinental transport of ozone and, consequently, background ozone due to stratospheric ozone recovery could have important implications for the PRB ozone and air quality policy and management in the future. 
Conclusions
We examine the potential impacts on tropospheric chemistry and ozone air quality from the expected stratospheric ozone recovery in the coming decades with a chemical transport model. With the full recovery of stratospheric ozone to its pre-1980 level, we found significant decreases in photolysis rates for tropospheric ozone, with the surface O 3 photolysis rates being decreased by up to 22 %. The sensitivity factor for surface ozone photolysis rate, defined as the percentage changes in surface ozone photolysis rate for 1 % change in stratospheric ozone, is always negative with absolute values larger than one. Compared to tropospheric ozone, tropospheric NO 2 shows much weaker sensitivity to stratospheric ozone recovery. As a consequence, the stratospheric ozone recovery leads to decreases in both the photochemical destruction and production of tropospheric ozone, but the decreases in destruction are much stronger than those for production.
In response to the projected stratospheric ozone recovery, we find significant increases in the lifetimes of tropospheric ozone, by up to 13 % over the southern high latitudes. The global average tropospheric ozone lifetime increases by 1.5 %, and the global tropospheric ozone burden increases by 0.5 % while the average tropospheric OH concentration is calculated to decrease by 1.7 %. The perturbations to tropospheric chemistry and surface ozone show strong seasonal and spatial variations. The largest perturbations are generally found in the lower troposphere and during summertime when there are strong photochemical activities. General increases in surface ozone are calculated for each season associated with the stratospheric ozone recovery, in particular over oceans where surface ozone can increase by up to 5 % during summertime.
We also find that the stratospheric ozone recovery would enhance the intercontinental transport of ozone pollution. The global background ozone attributable to Asian emissions is calculated to increase by up to 20 % in the Northern Hemi- sphere in response to the projected stratospheric ozone recovery. The enhancements in intercontinental transport of ozone show a strong seasonality with peaks in summer.
The findings from this study imply that the long-term planning and management of ozone air quality in the coming decades should take into account the impacts from stratospheric ozone recovery. This study focuses on the potential impacts on tropospheric ozone from the expected stratospheric ozone recovery and does not account for the impacts from climate change, which can also affect the future evolution of atmospheric composition and air quality (e.g., Johnson et al., 1999; Hauglustaine et al., 2005; Wu et al., 2008a, b; Bloomer et al., 2009; Weaver et al., 2009; Lang et al., 2012; Dawson et al., 2014; Wang et al., 2013) .
